The local hydrogen bonding structure and dynamics of liquid water have been investigated using the Car-Parrinello molecular dynamics simulation technique. The radial distribution functions and coordination numbers around water molecules have been found to be strongly dependent on the number of hydrogen bonds formed by each molecule, revealing also the existence of local structural heterogeneities in the structure of the liquid. The results obtained have also revealed the strong effect of the local hydrogen bonding network on the local tetrahedral structure and entropy. The investigation of the dynamics of the local hydrogen bonding network in liquid water has shown that this network is very labile and the hydrogen bonds break and reform very rapidly. Nevertheless, it has been found that the hydrogen bonding states associated with the formation of 4 hydrogen bonds by a water molecule exhibit the largest survival probability and corresponding lifetime. The reorientational motions of water molecules have also been found to be strongly dependent on their initial hydrogen bonding state.
I. Introduction
The importance of water as a fundamental compound for the existence of all living organisms on this planet has been well underlined so far, in view of the fact that it is involved in nearly all chemical, biological and geological processes. A detailed understanding of its properties is therefore essential and at the same time demanding due to its complex behaviour [1] [2] [3] [4] [5] , often related to the ability of water molecules to form labile hydrogen-bonding (HB) networks.
One of the most essential questions to address for a microscopic understanding of water is to find how the static and dynamic behavior of these HB networks gives rise to its characteristic properties. From a theoretical point of view, the investigation of
II. Simulation Details
Ab initio MD simulations were performed using the Car-Parrinello (CP) 19 scheme for propagating the wavefunctions and the ionic configurations as implemented in the CPMD package 20 . The BLYP density functional 21, 22 was used for the electronic structure calculations. The cutoff for the wavefunction was set to 80 Ry, the time step was set to 4 a.u. and the fictitious mass for the orbital was chosen to be 400 a.m.u. A cubic simulation box containing 96 water molecules at the density of 0.997 g cm -3
was used. Periodic boundary conditions were applied. DFT is known to be problematic at reproducing dispersion interactions. In the last years, new methods have been proposed for including dispersion in DFT calculations (see Ref. 23 for a recent review article). One of these methods is based on the use of dispersioncorrected atom-centered pseudopotentials (DCACPs) 24, 25 . With DCACP a dispersion potential is included in the pseudopotential; its main advantage is that the electron density coming out of the electronic structure calculation contains the dispersion contribution and there is no need to add any empirical parameter. The additional artificial potential implemented in DCAC pseudopotentials is optimized to reproduce the reference interaction energy from sophisticated high level quantum chemical calculations. In the present study we have used DCACPs in the Troullier-Martins 26 format for oxygen and hydrogen. It has been recently shown that these pseudopotentials successfully account for London dispersion forces, and that they are capable of faithfully reproducing many dynamical and structural properties of water 25 .
A pre-equilibration of the system was done with classical MD simulations using a flexible water model parametrized from ab initio reference data 27 . Following Lin et al. 25 , production runs of 15 ps in the microcanonical ensemble followed NVT equilibration runs of 3 ps where the temperature was set to 330 K; the initial configurations were generated with classical MD simulations of 200 ps. Here we would like to highlight that the reference temperature was set to 330 K in order to avoid falling into the temperature range where BLYP simulations suffer for nonergodic behavior 7 on time scales shorter than 20 ps. In order to ensure that the simulations are long enough to calculate reliable autocorrelation functions, classical simulations were performed to compare small systems over short times to large systems on extended time scales: it was found that the finite length and time scale effects on the obtained dynamic properties of water are not so strong due to the fact that the dynamical phenomena in liquid water are fast. A more detailed description of the system size effects on the calculated static and dynamic properties of liquid water can be found in the Supporting Information section.
III. Results and Discussion

A. Local Structure -HB Network
In order to reveal some information relative with the local intermolecular structure in liquid water, the atom-atom pair radial distribution functions (prdf) O-H, O-O and H-H were calculated and they are depicted in Fig. 1 30 . The first minimum is located at 3.38 Å, followed by a second peak located at 4.48 Å and a second minimum at 5.58 Å .
Finally, concerning the H-H prdf, its first non-zero value is located at 1.53 Å and the first peak is located at 2.33 Å. The first minimum is located at 2.93 Å , followed by a second small peak at 3.93 Å.
In order to have a more quantitative representation of the extent of the degree of HB in liquid water a HB analysis was performed, which was based on simple geometric criteria using the positions of the first minima of the calculated O-O and O-H prdfs.
According to the criterion used in the present study, a hydrogen bond between two water molecules exists if the intermolecular distances are R O…O ≤ 3.38 Å, R H…O ≤ 2.48 Å and the angle
(here … denotes an intermolecular bond vector, whereas -denotes an intramolecular one). At this point it has to be mentioned that very similar geometric criteria have been successfully used in the past to predict the HB properties of water and alcohols 9, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Using this simple geometric criterion, the calculated average number of hydrogen bonds per water molecule < n HB > has been estimated to be 3.48, in agreement with the value of 3.58 obtained by reverse modelling of neutron diffraction data 44 . 
B. Tetrahedral Structure and Entropy
A measure of the local structural order in water can be provided by the tetrahedral order parameter q 45 . This parameter gives information about the extent to which a molecule and its four nearest neighbors adopt a tetrahedral arrangement and is defined as: its four nearest neighbours j, k. Using this definition the parameter q gets the value q=1 in a perfect tetrahedral network and the value q=0 in an ideal gas 45 . In the present study the average orientational tetrahedral order parameter q and the normalized probability density distribution function f (q) were calculated.
f (q) for liquid water is presented in Fig. 6 -top panel and the average value of q has been estimated to be < q > = 0.678 . Interestingly, the value of the orientational tetrahedral order parameter calculated in the presented study is very similar with the values reported in recent DFT-based ab initio MD studies using hybrid exchange functionals to account for exact exchange and taking into account non-local Van der Waals/dispersion interactions, as well as nuclear quantum effects 46 . These values are lower in comparison with the values obtained when using a PBE-GGA level of theory and much closer to the value of 0.58, which was obtained by the reverse modelling of neutron diffraction data 29 . Recent studies by Zhang et al 12 have also pointed out that although the PBE-GGA level of theory predicts quite accurately the total entropy of liquid water, having a 1-2% difference with the experimental data, it overestimates the energy difference between hydrogen bonded and non-hydrogen bonded configurations and thus the liquid turns out to be more ordered.
To investigate also the effect of the HB state of water molecules in the value of the orientational tetrahedral order parameter, the values of < q > for water molecules forming n HB = 0-5 hydrogen bonds have been calculated separately and are presented as a function of n HB in Fig. 6 -bottom panel). The value of < q > increases linearly with the increase of n HB and exhibits its maximum value < q > = 0.756 for water molecules forming four hydrogen bonds. For water molecules forming five hydrogen bonds the value of < q > decreases to 0.685. All these observations clearly signify that the formation of hydrogen bonds is the most important factor affecting the tetrahedral structural arrangements in water and this specific local structure is mostly favored when a water molecule forms four hydrogen bonds with its neighbors.
The dynamic behavior of the orientational tetrahedral order parameter has also been investigated, by calculating the corresponding average time correlation function (tcf):
The corresponding correlation time q τ associated with the relaxation of this orientational tetrahedral order parameter has been calculated using the relation:
The calculated tcf ) (t C q decays very rapidly for the first 0.2 ps and then decays much slower until it reaches the zero value at about 3.5 ps (see the Supporting Information Section). A double exponential decay function has been fitted to the calculated one and the corresponding correlation time q τ has been estimated to be 0.40 ps.
In recent studies the local tetrahedral order has been correlated to the entropy of the system 12, 47 ; by considering that the order parameter of each molecule are independent, and provided the distribution of states q is continuous, the "tetrahedral entropy" per molecule (see Supporting Information for more details) is defined as: Particularly, when 4 HBs are formed it is more likely that the tetrahedral order is higher because the 4 molecules are easily accommodated in such structure. Hence, the tetrahedral entropy term associated to molecules forming four HBs (Eq. 6) is the lowest one; this can be seen in figure 8. Given that the fraction of molecules forming four HBs is the highest one (figure 1), their contribution to the overall tetrahedral entropy becomes significantly important and lowers the average value per molecule.
C. Hydrogen Bond Dynamics
The average HB dynamics for pairs i, j of hydrogen bonded molecules could be described using the following time correlation function 31, 34, 35, [48] [49] [50] [51] :
The corresponding HB lifetime is defined as:
The variable ) (t h ij has been defined in the following way:
, if molecule j is hydrogen bonded with molecule i at times 0 and t and the bond has not been broken in the meantime for a period longer than t 
The variable ) (t h These functions can provide information about the survival probability of HB states overlooking the very fast processes of forming and breaking single hydrogen bonds.
The intermittent HB state tcfs for n = 0-5 are depicted in Fig. 9 . The corresponding lifetimes are presented in Table 1 . The slowest decay has been observed for the ) ( , 4 t C I HB tcf, signifying that the survival probability of the n = 4 HB state of water molecules forming initially 4 hydrogen bonds decays much slower than for the other HB states, especially the n = 0,1 HB states where the calculated tcfs decay very fast.
The calculated lifetimes
I n HB
, τ have also been found to be significantly lower than those corresponding to alcohols 41 . Such an observation indicates that although the average number of hydrogen bonds per water molecule is much higher than the corresponding ones for alcohols, the HB network in water is much more labile. Therefore, hydrogen bonds in water can break and reform much faster changing thus more rapidly the HB state of the water molecules.
D. Reorientational Dynamics
Reorientation of water significantly affects important microscopic phenomena like proton transfer and transport [52] [53] [54] [55] and protein hydration 56 and it is closely related to the dynamics of the hydrogen bond network. For this reason several experimental [57] [58] [59] [60] [61] [62] [63] [64] , and theoretical studies [65] [66] [67] [68] [69] have been devoted to the investigation of molecular reorientation in liquid water and its relationship with the formation and breaking of hydrogen bonds. The most widely used mechanism to describe molecular reorientation up to now was the Debye small-step diffusion model 38 . However, recent classical MD simulation studies [66] [67] [68] have revealed that water reorientation takes place through large angular jumps, involving the breaking of a hydrogen bond between the rotating molecule and an overcoordinated first-shell neighbor and the creation of another hydrogen bond with an undercoordinated second-shell neighbor.
Taking into account these observations, the reorientational dynamics of water molecules in different initial HB states were investigated in order to reveal the effect of the HB state on these dynamics. Initially, the average Legendre reorientational tcfs for the water molecules were calculated, using the relation:
In this equation u  is a unit vector along a specified direction inside a molecule and  P is a Legendre polynomial (
The index  defines the order of the Legendre polynomial. The corresponding reorientational times are defined as:
The calculated reorientational times for the O-H vector are 8 . Such an observation clearly indicates that the small-step Debye diffusion model is not very adequate in describing the reorientational motions in liquid water, as it was pointed out in recent classical MD studies as well [66] [67] [68] . The most typical characteristic of Legendre tcfs is the presence of a minimum at very short time scales (0.03ps) which is more pronounced as the order of the Legendre polynomial increases. Such a minimum has been attributed to the reorientational motions related to the breaking and creation of hydrogen bonds; being due to librations, the delay reflects the strength of the hydrogen-bond 67, 70 .
In order to investigate the effect of the HB state of the individual water molecules on their O-H reorientational dynamics the Legendre reorientational tcfs as a function of the initial HB state of these molecules were calculated. These functions can be defined as follows 36 :
The index n defines the instantaneous number of hydrogen bonds which a molecule forms at each time t . Therefore the decay of the calculated reorientational tcfs at larger time scales (t > 0.1 ps) resembles a diffusive behavior and can be described by a single exponential decay function. Interestingly, the calculated reorientational tcfs exhibit their minimum at the same time when the intermittent HB state tcfs also exhibit a similar shoulder (see Fig. 10 ). The time decay of the intermittent HB state tcfs after this time period also becomes significantly slower. Such an observation clearly indicates that the reorientation of water molecules is closely related to the changes of their HB state and these changes are significantly affecting the short time behavior of the reorientational tcfs.
E. Atomic Translational Dynamics -Spectral Densities
In the present treatment the effect of the local HB structure around the individual water molecules on their single translational dynamics was also investigated. To do so, the hydrogen and oxygen atomic velocity tcfs were calculated using the relation:
The corresponding spectral densities
have also been calculated by performing a cosine transform on the tcfs:
The spectral densities have been calculated by numerical integration using a Bode rule, after applying a Hanning window to the calculated atomic velocity tcfs. The In order to investigate the effect of the initial HB state of water molecules on the positions of the vibrational and librational bands in liquid water, the following tcfs were calculated 36 :
The corresponding spectral densities were then obtained by the cosine transform of these tcfs:
The calculated hydrogen and oxygen spectral densities for different initial HB states of water molecules are depicted in Figs. 11 and 12, respectively. By inspecting Fig.   11 , it may be observed that the libration and bond-stretching peaks of water molecules are affected by their initial HB state, whereas the angle bending frequencies are independent of the HB state of water molecules. The libration, angle bending and bond stretching peak positions corresponding to the several initial HB states of water molecules are presented in Table 2 . As the number of hydrogen bonds initially formed by a water molecule increases the bond-stretching peak positions are red-shifted, whereas the libration peak positions are blue-shifted. Going from HB-free water molecules to molecules forming 5 hydrogen bonds the red-shift in the stretching peak position has been estimated to be about 160 cm -1 , whereas for the libration peak The O-D stretching frequency for the isolated, hydrogen bonded free, gas water molecule has been estimated to be 2560 cm -1 and in liquid water it has been found to be 2380 cm -1 . This red-shift by 180 cm -1 is in absolute agreement with our results concerning the red-shift in the O-H stretching frequency when going from hydrogen bonded free water molecules to strongly hydrogen bonded ones.
Moreover, the low frequency peak observed in the average
is not present for initially HB-free molecules. For the oxygen spectral densities ) (
, the low frequency peak is also absent for initially HB-free molecules (n=0), however it appears for the higher HB states; exhibiting similar peak positions (Fig. 12) .
According to the literature [77] [78] [79] [80] [81] [82] [83] , the designation for the low frequency band in the Raman spectrum of liquid water observed experimentally at about 60 cm -1 is still a subject of debate; however it is now accepted that the presence of this band is due to a mixture of underlying mechanisms, including hydrogen bridge bonds and cage effects. The shoulder observed at higher frequencies for the average spectral density
, starts to become more apparent at the higher HB states, exhibiting a peak at 175 cm -1 for water molecules forming 5 hydrogen bonds. This finding that such a behavior is more pronounced for strongly hydrogen bonded water molecules is consistent with the interpretation of this band as very closely related to HB interactions in liquid water. According to previously reported experimental studies 77 , the existence of the 170 cm -1 band in the low frequency Raman spectrum of liquid water has been attributed to the intermolecular stretching vibrational modes of hydrogen bonded water dimers. In the recent Car-Parrinello study of Mallik et al. 76 , the calculation of the power spectra of the relative velocity of an initially hydrogen bonded O…O pair has also revealed a peak at 180 cm -1 , further confirming these statements. Therefore, the findings of the present study come in agreement with the previously reported interpretations of the experimental Raman spectroscopic studies in liquid water.
IV. Conclusions
In The results obtained reveal that the short time decay of the reorientational tcfs is very sensitive on their initial HB state. It has been found that water molecules initially forming 4 or 5 hydrogen bonds reorient much slower than molecules initially found at lower HB states. This is more clearly reflected on the behavior of the second and third order Legendre tcfs, which decay much more rapidly in the cases of molecules initially being at the lowest HB states. The decay of the calculated reorientational tcfs at larger time scales (t > 0.1 ps) resembles a diffusive behavior and can be described by a single exponential decay function . Finally, the spectral densities of the atomic velocity tcfs were calculated and it has been found that the libration and bondstretching peaks of water molecules are affected by their initial HB state, whereas the 22 angle bending frequencies are almost independent of the HB state of water molecules.
As the number of hydrogen bonds initially formed by a water molecule increases the bond-stretching peak positions are red-shifted, whereas the libration peak positions are blue-shifted. The calculated low frequency peaks and shoulders at about 60 and 175 cm -1 , and the effect of the HB state of the water molecules upon them comes also in agreement with previously reported interpretations of the experimental low frequency Raman spectrum of liquid water. 
